Analysis of mutants defective in meiotic chromosome pairing has uncovered a role for Caenorhabditis elegans chk-2 in initial establishment of pairing between homologous chromosomes during early meiotic prophase. chk-2 is also required for the major spatial reorganization of nuclei that normally accompanies the onset of pairing, suggesting a mechanistic coupling of these two events. Despite failures in pairing, nuclear reorganization, and crossover recombination, chk-2 mutants undergo many other aspects of meiotic chromosome morphogenesis and complete gametogenesis. Although chk-2 encodes a C. elegans ortholog of the Cds1/Chk2 checkpoint protein kinases, germ-line nuclei in chk-2 mutants are competent to arrest proliferation in response to replication inhibition and to trigger DNA damage checkpoint responses to ionizing radiation. However, chk-2 mutants are defective in triggering the pachytene DNA damage checkpoint in response to an intermediate block in the meiotic recombination pathway, suggesting that chk-2 is required either for initiation of meiotic recombination or for monitoring a specific subset of DNA damage lesions. We propose that chk-2 functions during premeiotic S phase to enable chromosomes to become competent for subsequent meiotic prophase events and/or to coordinate replication with entry into prophase. A pivotal defining event during gamete formation in sexually reproducing organisms is the reduction in chromosome ploidy that occurs when homologous chromosomes segregate away from each other at the meiosis I division. Precise chromosome partitioning during meiosis I relies on a previously established connection between homologs that ensures their proper orientation toward opposite poles of the meiotic spindle. For most organisms, this crucial association is established and stabilized through events of the preceding meiotic prophase (Roeder 1997; Moore and Orr-Weaver 1998; Zickler and Kleckner 1999) . At the onset of prophase, newly replicated chromosomes must identify and form initial associations with the appropriate partner chromosome. By the pachytene stage, the pairing process has culminated in an intimate alignment of homologous chromosomes along their entire lengths, with a highly ordered proteinaceous scaffold, the synaptonemal complex, positioned at the interface of paired homologs. Crossover recombination events between the DNA molecules of homologous chromosomes are completed within this context. Upon disassembly of the synaptonemal complex and loss of lengthwise alignment, these crossovers act in conjunction with sister chromatid cohesion to maintain temporary linkages (chiasmata) between homologs until the metaphase/anaphase transition of meiosis I.
A pivotal defining event during gamete formation in sexually reproducing organisms is the reduction in chromosome ploidy that occurs when homologous chromosomes segregate away from each other at the meiosis I division. Precise chromosome partitioning during meiosis I relies on a previously established connection between homologs that ensures their proper orientation toward opposite poles of the meiotic spindle. For most organisms, this crucial association is established and stabilized through events of the preceding meiotic prophase (Roeder 1997; Moore and Orr-Weaver 1998; Zickler and Kleckner 1999) . At the onset of prophase, newly replicated chromosomes must identify and form initial associations with the appropriate partner chromosome. By the pachytene stage, the pairing process has culminated in an intimate alignment of homologous chromosomes along their entire lengths, with a highly ordered proteinaceous scaffold, the synaptonemal complex, positioned at the interface of paired homologs. Crossover recombination events between the DNA molecules of homologous chromosomes are completed within this context. Upon disassembly of the synaptonemal complex and loss of lengthwise alignment, these crossovers act in conjunction with sister chromatid cohesion to maintain temporary linkages (chiasmata) between homologs until the metaphase/anaphase transition of meiosis I.
Whereas genetic and biochemical studies have identified many of the proteins and mechanisms underlying the process of meiotic recombination (Roeder 1997; Paques and Haber 1999) , much less is known about the molecular events that bring about pairing and alignment between homologous chromosomes in the first place. Much of what we do know about the homolog pairing process comes from decades of cytological observations of early meiotic prophase in a multitude of different organisms (for reviews, see Wilson 1925; Scherthan 1997; Zickler and Kleckner 1998) . These studies have revealed that a dramatic spatial reorganization of the nucleus generally accompanies the process of homolog alignment. Reorganization usually includes a transient phase in which nuclei achieve a highly polarized organization, involving a tight clustering of telomeres at a limited sector of the nuclear periphery and/or a congregation of chromosomes toward one side of the nucleus. The widespread occurrence of nuclear polarization and its temporal correlation with homolog pairing suggest that it may serve to facilitate the pairing process. However, evidence from several systems indicates that telomere clustering per se is probably not strictly required for recognition and initial alignment between homologs but more likely contributes to efficient and timely completion of the pairing process (Zickler and Kleckner 1998; TrellesSticken et al. 2000) . How the movements that reorganize chromosomes are accomplished and what their functional relationship is to homolog recognition and alignment remain unclear.
Several features of the nematode Caenorhabditis elegans make it a particularly useful experimental system for investigating mechanisms underlying meiotic prophase chromosome dynamics. C. elegans is essentially a "meiosis machine": The germ line accounts for more than half of the cell nuclei in the adult organism, providing an abundant and easily accessible source of meiotic cells (Schedl 1997) . Premeiotic nuclei and nuclei at all stages of meiotic prophase are present simultaneously in a clear temporal/spatial gradient along the distalproximal axis of the gonad, so that each germ line represents a continuum of progression into and through meiotic prophase. This progression encompasses numerous nuclei that are actively establishing homolog alignments as well as an abundance of nuclei in which full, stable pairing and synapsis have been achieved (Albertson et al. 1997) . Further, chromosome organization can be investigated in detail in the context of well-preserved three-dimensional nuclear architecture and chromosome morphology using tools such as fluorescence in situ hybridization (FISH) to monitor interactions between homologous chromosomes (Dernburg et al. 1998) . Moreover, this analysis can be carried out using whole mount germ-line preparations in which the temporal/ spatial context of the meiotic time course has been preserved.
The ability to perform robust cytological analyses in three-dimensionally preserved tissue is complemented by the powerful genetics of C. elegans, which has facilitated identification of components of the meiotic machinery through genetic screens for mutants defective in meiotic chromosome segregation (Villeneuve 1994; Kelly et al. 2000) . For nearly all of these meiotic mutants, the segregation defects are a secondary consequence of primary defects in key meiotic prophase events. Cytological analysis of chromosome organization throughout meiotic prophase in these mutants has enabled us to identify genes required for the initial establishment of pairing as well as genes required for the subsequent maintenance of paired associations (A.J. MacQueen and A.M. Villeneuve, unpubl.) . Our analysis of one of the genes defined by pairing-defective mutants has led us to discover an unanticipated role for C. elegans CHK-2, a member of the Cds1/Chk2 family of checkpoint protein kinases (for review, see Rhind and Russell 2000) , in promoting normal chromosome dynamics during early meiotic prophase. We find that chk-2 is required not only for initial establishment of pairing between homologous chromosomes but also for the major spatial reorganization of chromosomes that normally accompanies the onset of pairing, providing the first molecular link between these two landmark events in the meiotic program.
Results

Identification of chk-2 mutants in a screen for defects in meiotic chromosome pairing
Ongoing genetic screens for C. elegans mutants defective in meiotic chromosome segregation (Villeneuve 1994; Kelly et al. 2000) have yielded a collection of mutants that lack chiasmata at diakinesis, the last stage of meiotic prophase (Fig. 1) . Such mutants are identified in these screens because chiasmata are required to direct orderly segregation of homologs at the meiosis I division. An absence of chiasmata between homologs can result from a defect in the recombination machinery, or alternatively, it could result from a primary defect in the establishment or maintenance of homolog pairing. Because stable pairing and synapsis in C. elegans are not dependent on initiation of meiotic recombination, mutants defective in core components of the meiotic recombination machinery exhibit achiasmate chromosomes at diakinesis but appear cytologically normal during earlier stages of prophase (Dernburg et al. 1998; Zalevsky et al. 1999; Kelly et al. 2000; Chin and Villeneuve 2001) . Thus, to identify components of the machinery responsible for meiotic homolog pairing, we screened mutants that contain achiasmate chromosomes at diakinesis for defects in the morphology and organization of early prophase chromosomes. To date, this analysis has identified four loci required for either the establishment or maintenance of homolog pairing.
Two mutations, me18 and me64, define a gene required for the initial establishment of meiotic chromosome pairing (see below). me18 was mapped to the extreme right end of chromosome V, ∼0.1 map units to the left of the unc-51 locus. We used RNA-mediated interference (RNAi) to disrupt the function of several candidate genes located within the 100-kb region immediately to the left of unc-51 and found that double-stranded RNA (dsRNA) corresponding to Y60A3A.12 elicited a robust but transient phenocopy of the me18 and me64 mutant phenotypes (see Materials and Methods). Y60A3A.12 encodes a C. elegans ortholog of Cds1/Chk2 serine/threonine kinases (Rhind and Russell 2000) and was recently designated C.e. chk-2 (GI: 10566451; Higashitani et al. 2000) . Sequencing revealed a missense mutation in the me18 allele that results in an alanine to valine substitution at residue 21 of the CHK-2 protein, and a nonsense mutation in the me64 allele that terminates translation after residue 305 in the middle of the conserved protein kinase domain (Fig. 2) . me64 is likely a severe loss-of-function or null allele, since this truncation is expected to render CHK-2 nonfunctional as a kinase. The me18 allele is also likely to severely reduce or eliminate chk-2 function, since me18 and me64 confer similar phenotypes both in homozygous worms and in worms heterozygous for either allele and a deficiency of the region. Phenotypic analyses reported here are for me64, but nearly all assays were also performed for me18, giving indistinguishable results. chk-2 is required for the establishment of homolog pairing chk-2 mutant worms display several properties typical of C. elegans mutants that lack chiasmata (Dernburg et al. 1998; Zalevsky et al. 1999; Kelly et al. 2000; Chin and Villeneuve 2001) . Homozygous mutant hermaphrodites are morphologically normal and produce a large number of embryos, but an absence of chiasmata between homologs in late prophase meiocytes (Fig. 1) leads to chromosome missegregation during meiosis I and consequently to the production of aneuploid gametes and zygotes. Thus, most embryos die (95.7%, n = 787), and rare survivors are those embryos that have received a euploid (or nearly euploid) chromosome complement. A high frequency of males (45%, n = 678, compared with 0.2% for the wild type [Hodgkin et al. 1979] ) is found among the surviving self progeny of chk-2 hermaphrodites; this high incidence of male (Him) phenotype (Hodgkin et al. 1979 ) is an additional diagnostic of mutants defective in chromosome segregation in C. elegans, in which sex is determined by the number of X chromosomes present in an otherwise diploid animal (hermaphrodites are XX, whereas males are XO). Similar evidence for chromosome missegregation and lack of chiasmata was seen in two independent RNAi studies that simultaneously targeted both C.e. chk-2 (Y60A3A.12) and a closely related gene (T08D2.7, 95% identical in coding sequence); however these preliminary analyses did not investigate the underlying basis for the observed meiotic defects (Higashitani et al. 2000; Oishi et al. 2001) .
We used DAPI staining and high resolution imaging of three-dimensionally preserved germ lines to evaluate nuclei at earlier stages of meiotic prophase. In chk-2 mutants, we observed a striking disorganization of chromosomes within nuclei occupying the region of the germ line that would normally contain pachytene-stage nuclei (Fig. 3a) . Wild-type pachytene-stage nuclei exhibit a distinctive organization in which parallel DAPI-stained tracks correspond to synapsed homologous chromosomes that are intimately paired along their entire lengths. In contrast, nuclei within the pachytene region of chk-2 mutant germ lines display disorganized DAPIstained tracks that are not arranged in parallel pairs, consistent with a failure in alignment and synapsis between homologs.
Further evidence for impaired alignment and synapsis between homologous chromosomes came from examination of HIM-3 protein localization in chk-2 mutant germ lines (Fig. 4) . HIM-3, a meiosis-specific chromosomal protein, normally exhibits a discrete localization along the length of chromosome axes during meiotic prophase (Zetka et al. 1999) . During the pachytene stage when chromosomes are fully aligned and synapsed, the HIM-3-containing axes from each partner chromosome are in close apposition, centered at the interface between the two homologs (Zetka et al. 1999 ; Fig. 4a,c) . In chk-2 mutant germ lines, HIM-3 assembles onto chromosomes with apparently normal timing (see below), but pachytene-region nuclei show an excess of HIM-3-labeled tracks, many of which appear thinner than those found in wild-type pachytene nuclei; taken together with the DAPI and FISH data (below), these are indicative of unsynapsed chromosome axes.
Direct assessment of meiotic chromosome pairing using FISH revealed that chk-2 mutants are profoundly defective in establishing homologous pairing between any of the six pairs of C. elegans chromosomes ( Fig. 3 ; Table  1 ). In wild-type animals, homologous chromosomes are unpaired in premeiotic germ-line nuclei (Dernburg et al. 1998) , and thus two FISH signals per nucleus are observed for each probe (Table 1) . After entry into meiotic prophase and establishment of chromosome pairing, a single hybridization signal (or two closely juxtaposed signals) is observed in each wild-type nucleus ( Fig. 3b ; Table  1 ). In contrast, chk-2 mutant germ-line nuclei contain unpaired FISH signals both before and after they have entered meiotic prophase ( Fig. 3b,c ; Table 1 ). Seven probes which together target each of the six chromosome pairs were examined, and each probe showed an absence of pairing in the chk-2 mutant.
Based on the absence of pairing and chiasmata, we anticipated that measurement of meiotic recombination frequency in chk-2 mutants would reveal a severe defect in crossing over. Our expectation was borne out through examination of meiotic crossover frequency between markers near opposite ends of the X chromosome (Table 2) . Although the genetic distance separating these markers in wild-type meioses is ∼42 centimorgans (cM), in the chk-2 mutant no crossovers were detected over this large interval.
chk-2 is required for spatial reorganization of the meiotic prophase nucleus
The onset of homolog pairing during wild-type meiosis is accompanied by a major spatial reorganization of chromosomes within nuclei in the transition zone region of the germ line, corresponding to the leptotene/zygotene stages of meiotic prophase (Dernburg et al. 1998) . In premeiotic nuclei, DAPI-stained chromatin is widely dispersed throughout the volume between the nuclear periphery and a prominent, centrally located nucleolus ( Fig. 5a-f ). Upon entry into meiotic prophase, nuclei remain round but become highly polarized ( Fig. 5a-f ). The chromatin becomes asymmetrically localized and concentrated toward one side of the nucleus, while the nucleolus adopts an off-center position opposite that of the clustered chromosomes. This polarization imparts a distinctive crescent-shaped appearance to the DAPIstained chromatin in transition zone nuclei that is readily evident even in low magnification images (Fig.  5a-c) . As nuclei progress into the pachytene stage, they lose this polarization: newly aligned and synapsed chromosomes become dispersed about the nuclear periphery, once again surrounding the nucleolus.
chk-2 mutant germ lines do not contain any nuclei with the polarized spatial organization that normally In wild-type (wt) pachytene nuclei (a,c), HIM-3 localizes at the interface between aligned chromosome pairs. Nuclei from the same region of the germ line in chk-2 mutants (b,d) show extensive, continuous HIM-3 localization along chromosomes, but these HIM-3 lines are more numerous and often appear thinner than those in wild-type pachytene nuclei, reflecting the fact that chromosomes are not aligned lengthwise with a homologous partner (see Fig. 3 ). (e) Low magnification images of distal tip through mid-pachytene region of control and chk-2 mutant germ lines; images shown are projections approximately halfway through three-dimensional data stacks of the entire germ line, encompassing whole nuclei. In wild-type germ lines, HIM-3 begins to localize to nuclei and chromosomes in the transition zone region (marked by the presence of several nuclei with crescent-shaped chromatin configurations), which corresponds to the beginning of meiotic prophase (Zetka et al. 1999) . In the chk-2 mutant germ line, HIM-3 begins to localize onto chromosomes in nuclei at the same position, relative to the distal tip, as in the wild-type germ line. Bars, 2 µm. distinguishes nuclei in the transition zone. As nuclei enter and progress through meiotic prophase in chk-2 mutants, chromosomes do not become clustered to one side of the nucleus, as is evident from the absence of crescent-shaped chromatin configurations ( Fig. 5g-i) . Instead, a widely dispersed, peripheral distribution of chromosomes persists until the end of what normally would be the pachytene stage. Thus, C. elegans chk-2 is required not only for homolog pairing but also for the specialized spatial reorganization of nuclear components that normally accompanies the pairing process.
chk-2 mutants initiate and complete other aspects of meiosis and gametogenesis
Despite failures in early meiotic nuclear reorganization and homolog pairing, chk-2 germ-line nuclei do initiate and complete other aspects of the meiotic program. The previously mentioned meiotic chromosomal protein HIM-3 assembles onto chromosomes in the region of chk-2 germ lines where early meiotic nuclei are normally located (Fig. 4e ) and remains associated with them throughout meiotic prophase. As in wild-type germ lines, nuclei within the meiotic region of chk-2 germ lines are, on average, larger than nuclei within the premeiotic region, and mitotic figures are absent from the meiotic region. Moreover, chromosomes in chk-2 mutant germ lines complete the meiotic condensation program, giving rise to diakinesis chromosomes that lack chiasmata but appear normally condensed (Fig. 1) . Finally, the survival of embryos from chk-2 hermaphrodites is no worse than that seen for other previously identified meiotic segregation mutants that lack chiasmata, indicating that chk-2 mutants produce functional (albeit aneuploid) gametes.
chk-2 mutant germ-line nuclei retain a functional DNA damage checkpoint and replication block arrest chk-2 orthologs in other systems have been shown to participate in several distinct signaling pathways that safeguard genome integrity (for reviews, see Dasika et al. 1999; Murakami and Nurse 2000; Rhind and Russell 2000) . These include DNA damage and replication block checkpoints that prevent cell cycle progression in response to genotoxic stresses. Therefore, we tested whether germ-line nuclei in chk-2 mutants are competent to trigger previously described DNA damage checkpoint responses or to arrest proliferation in response to a replication block.
Gartner et al. (2000) described a conserved DNA damage checkpoint pathway in the C. elegans germ line that is dependent on mrt-2, the C. elegans ortholog of checkpoint genes S. pombe rad1+ and S. cerevisiae RAD17. This checkpoint pathway is required to trigger germ cell apoptosis at the end of the pachytene stage in response to DNA damage induced by ionizing radiation (IR) and is also required for IR-induced transient arrest in proliferation of premeiotic germ-line nuclei. We tested whether this DNA-damage checkpoint pathway is functional in chk-2 mutant germ lines.
We found that exposure of chk-2 mutant germ lines to IR resulted in a dose-dependent increase in germ cell apoptosis that was indistinguishable from that seen in wild-type controls (Fig. 6a) . Further, 12 krad of ␥ irradiation caused an arrest in the proliferation of nuclei within Germ lines were subdivided into five equal-sized zones along the distal-proximal axis. Zone 1 contains only premeiotic nuclei; zone 2 contains a mixture of premeiotic and leptotene/zygotene stages; zone 3 may contain some leptotene/zygotene nuclei, but most are at the pachytene stage; zones 4 and 5 contain mid-late pachytene nuclei; staging is based on wild-type germlines. Pairing of FISH signals was assessed as described in Materials and Methods; for each probe, nuclei from three germ lines were scored for each genotype.
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Cold Spring Harbor Laboratory Press on October 26, 2017 -Published by genesdev.cshlp.org Downloaded from the premeiotic region of both wild-type and chk-2 mutant germ lines, as evidenced by a lower density of nuclei and an absence of normal mitotic figures within the premeiotic region at 12 h post-irradiation (data not shown). These results indicate that C.e. chk-2 mutants retain function of a conserved DNA damage checkpoint.
We also assessed the response of germ-line nuclei to hydroxyurea (HU), a drug that causes DNA replication arrest through inhibition of ribonucleotide reductase and consequent depletion of dNTP pools. After 12 h of exposure to 25 mM HU, an arrest in proliferation of premeiotic nuclei was readily detected in both wild-type and Figure 5 . Failure in spatial reorganization of early prophase nuclei in chk-2 mutants. Germ-line nuclei were triple-labeled with DAPI (blue in a,d,g, white in b,e,h) to label chromosomes, mAbD77 (red) to label nucleoli, and anti-Ce-lamin (green) to indicate nuclear outline. (a-c) Composite image of three overlapping regions along the distal-proximal axis of a wild-type germ line, extending from the premeiotic region (left) through the pachytene stage. In premeiotic nuclei, chromatin is dispersed about the periphery of most nuclei, imparting a round appearance to the DAPI signals. The transition zone, indicated by a bracket in b, contains nuclei that have recently entered meiotic prophase; the DAPI signals in many nuclei in this region have a distinct crescentshaped appearance, reflecting a highly polarized nuclear organization (see below). DAPI signals again appear more round in pachytene nuclei (right), in which chromosomes are once more dispersed about the nuclear periphery and surround the nucleolus. For the DAPI and lamin signals, images are projections through threedimensional data stacks encompassing 0.7-to 1.2-µm-thick sections centered slightly above or below the equatorial planes of most nuclei; for nucleolar signals, projections encompass the whole nuclei. (d-f) Detail of nuclear organization in the wild-type transition zone. These images are projections of three-dimensional data stacks that encompass whole nuclei for the DAPI and nucleolar signals; for the lamin signals, 0.7-µm-thick sections centered approximately at the nuclear equator are shown to indicate the outline of the nucleus without obstructing the other signals. Arrows point to nuclei with premeiotic morphology, in which chromatin completely surrounds a prominent, central nucleolus. Arrowheads point to nuclei with a highly polarized nuclear organization: the chromatin is concentrated toward one side of the nucleus and no longer surrounds the nucleolus, which has adopted a reciprocal position adjacent to the nuclear periphery on the opposite side of the nucleus (note that DAPI-dark regions in b, e, and h correspond to the nucleolus). (g-i) Composite image of three overlapping regions along the distal-proximal axis of a chk-2 mutant germ line. Images are projections through three-dimensional data stacks encompassing a 0.7-µm-thick equatorial section of most nuclei. In all nuclei in both premeiotic (roughly the leftmost third of the image) and meiotic regions of the germ line, the chromatin completely surrounds the nucleolus; no nuclei with polarized organization are observed. Bars, (a) 4 µm, (d) 2 µm.
chk-2 mutant worms. Germ lines exposed to HU lacked normal condensed mitotic figures and contained a reduced density of premeiotic nuclei, which appeared abnormally large and displayed more diffuse DAPI signals than did nuclei in untreated germ lines (Fig. 6c) . Depletion of ribonucleotide reductase activity by RNAi (in wild-type worms) elicited a similar response. Further, HU-induced arrest in proliferation of premeiotic nuclei prevented normal expansion in the number of germ-line nuclei over time: after 24 h of exposure to HU, distal germ lines in both wild-type and chk-2 worms contained approximately half the number of nuclei present in distal germ lines of untreated animals (Fig. 6b) . Most affected nuclei in both wild-type and chk-2 worms apparently have the capacity to recover from HU-induced arrest: whereas worms exposed to HU for 10 h exhibited the arrest response, worms treated in the same way but then removed from HU for 1 day contained many normalsized nuclei and some mitotic figures in the distal germ line (data not shown). HU exposure did not elicit any change in the cytological appearance of meiotic prophase nuclei.
chk-2 mutants are defective in triggering the pachytene checkpoint in response to RAD-51 depletion
Gartner et al. (2000) showed that the conserved DNA damage checkpoint that induces apoptosis in late pachytene meiocytes in response to IR exposure can also be triggered by using RNAi to deplete germ lines of RAD-51, a conserved component of the meiotic recombination/repair machinery. Checkpoint activation in this context presumably results from accumulation of unrepaired meiotic recombination intermediates, as the checkpoint is not triggered when RAD-51 is depleted in spo-11 mutant worms in which pairing and synapsis are normal but meiotic recombination is not initiated (Dernburg et al. 1998; Gartner et al. 2000) .
Whereas chk-2 mutants are competent to trigger the pachytene DNA damage checkpoint in response to IR treatment, they are defective in triggering the checkpoint in response to RAD-51 depletion (Fig. 7) . rad-51 RNAi in control worms elicited a marked increase in germ cell apoptosis, confirming the previous report. In 
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Cold Spring Harbor Laboratory Press on October 26, 2017 -Published by genesdev.cshlp.org Downloaded from contrast, rad-51 RNAi failed to elicit a similar increase in germ cell apoptosis in chk-2 mutants. The levels of germ cell apoptosis observed after rad-51 RNAi in chk-2 worms were comparable to those observed after rad-51 RNAi in spo-11 worms. These results suggest either that chk-2 (like spo-11) is required to initiate meiotic recombination or, alternatively, that chk-2 is necessary for germ cells to recognize or respond to the presence of unrepaired meiotic recombination intermediates.
Discussion
A link between premeiotic S phase and meiotic prophase?
Members of the conserved Cds1/Chk2 family of checkpoint protein kinases function in a variety of signaling contexts that monitor and safeguard genomic integrity (for reviews, see Dasika et al. 1999; Murakami and Nurse 2000; Rhind and Russell 2000) . These include checkpoints that arrest the cell cycle at G 1 /S, G 2 /M or metaphase/anaphase boundaries in response to DNA damage or replication blocks, and an "Intra-S" checkpoint that slows DNA replication in response to damage incurred during S phase. Cds1/Chk2 proteins act at a critical juncture in these checkpoint pathways, linking upstream signal transduction cascades with specific cell-cycle targets. There is considerable plasticity in the way these conserved proteins have been deployed: organisms vary regarding which checkpoint-triggering stimuli activate Cds1/Chk2, and within a given organism, Cds1/Chk2 phosphorylates different molecular targets when activated in different cell-cycle contexts. Here, we add another quite distinct role to the repertoire of this versatile protein kinase, in promoting nuclear reorganization and establishment of homolog pairing at the onset of meiotic prophase.
A commonality among previously described roles for Cds1/Chk2 family members is the job of monitoring the status of chromosomal DNA, particularly during S phase. In the Intra-S checkpoint, Cds1/Chk2 appears to regulate the replication process itself (Paulovich and Hartwell 1995; Lindsay et al. 1998) , likely in part by modulating late origin utilization (Santocanale and Diffley 1998) . Premeiotic S phase in C. elegans immediately precedes the spatial reorganization of the nucleus that marks entry into meiotic prophase (A. Dernburg and A.J. MacQueen, unpubl.). In light of roles for Cds1/Chk2 proteins in monitoring and/or modulating S phase in other contexts, the fact that the meiotic defects in C. elegans chk-2 mutants become apparent immediately after S phase suggests that C.e. chk-2 likely functions during premeiotic S phase to ensure the success of subsequent events during early meiotic prophase.
How might chk-2 function to couple premeiotic S phase with early prophase events? One possibility is that chk-2 could monitor the status of DNA replication to coordinate completion of replication with subsequent meiotic prophase entry. In this context, chk-2 might act as a negative regulator that prevents entry into the meiotic prophase program until replication is complete. Alternatively, chk-2 might act in a positive capacity to activate a subset of the meiotic prophase program upon sensing completion of replication.
A second possibility is that chk-2 might function during S phase to enable chromosomes to become competent for subsequent meiotic prophase events. For example, chk-2 might directly promote a restructuring of chromatin that would normally occur in conjunction with premeiotic replication. Evidence that a Cds1/Chk2 protein has the capacity to directly regulate chromatin assembly in another context was recently reported (Emili et al. 2001; Hu et al. 2001 ). Alternatively, chk-2 might regulate the length of premeiotic S phase. It has been found in many organisms that the duration of premeiotic S phase is considerably longer than is its mitotic S-phase counterpart, suggesting that a lengthened S phase might be functionally important for preparing chromosomes to participate in meiotic prophase events (Holm 1977; Zickler and Kleckner 1998) . Further, there is evidence that Rad53, the budding yeast Cds1/Chk2 ortholog, modulates replication timing in irradiated vegetative cells by regulating late origin firing (Santocanale and Diffley 1998) . Thus, C. elegans chk-2 might function to lengthen the duration of premeiotic S phase to allow the completion of chromatin modification processes that occur in conjunction with replication and are essential for meiotic prophase chromosome and nuclear dynamics.
Independent evidence for functional coupling between S phase and subsequent meiotic prophase events has emerged recently from several investigations (Borde et al. 2000; Cha et al. 2000; Merino et al. 2000; Davis et al. 2001; Smith et al. 2001 ). For example, Borde et al. (2000) found that in S. cerevisiae, the time of initiation of recombination events in a given chromosomal domain is directly correlated with the time of replication through that domain. Further, analysis of S. cerevisiae spo11 mutants revealed a correlation between the duration of premeiotic S phase and the ability of meiotic chromosomes to pair efficiently during early prophase; this led Cha et al. (2000) to propose that meiotic S-phase progression may be directly coupled to morphogenesis of chromosomal features required for interhomolog pairing interactions. Our analysis of C. elegans chk-2 mutants identifies CHK-2 as a candidate regulatory protein through which coupling of premeiotic replication and meiotic prophase events could occur.
Relationship between nuclear reorganization and homologous chromosome pairing
An extensive spatial reorganization of chromosomes within the nucleus is a widely conserved feature of early meiotic prophase that has been recognized for over a century (Wilson 1925; Scherthan 1997; Zickler and Kleckner 1998) . Although details of this reorganization phase vary considerably among organisms that undergo synaptic meiosis, a universal feature is a transient highly polarized organization of the nucleus. In many organisms the most obvious evidence of polarization is a prominent clustering of telomeres to a limited sector of the nuclear periphery, often adjacent to a microtubule-organizing center (e.g., Moens 1969; Scherthan et al. 1996; Bass et al. 1997; Trelles-Sticken et al. 1999) . Polarization can also be manifested in the form of a marked clustering of chromosomes toward one side of the nucleus and is often accompanied by displacement of the nucleolus to an offcenter position (e.g., Holm 1977; Bass et al. 1997; this work) . Although such nuclear reorganization events occur concurrently with meiotic homolog pairing, their importance in the process of pairing remains unclear.
Telomere clustering per se does not seem to be a prerequisite for homolog recognition and alignment, since extensive alignment of homologs appears to occur prior to telomere clustering in Sordaria macrospora Kleckner 1998, 1999) , and pairing is substantially delayed but not lost in the ndj1 mutant of S. cerevisiae, which lacks telomere clustering but retains other aspects of nuclear reorganization (Trelles-Sticken et al. 2000) . These observations suggest that telomere clustering is not required for the establishment of homolog pairing but may instead facilitate timely completion and/or stabilization of intimate pairing.
The most striking defects in C.e. chk-2 mutants are the failure to establish pairing between homologous chromosomes and the absence of a polarized organization of chromosomes at the onset of meiotic prophase. We have also observed this coordinate loss of homolog pairing and nuclear spatial reorganization in worms carrying a mutation in another gene, hal-2 (homolog alignment; A.J. MacQueen and A.M. Villeneuve, unpubl.) , further supporting a mechanistic coupling of these two prominent prophase events.
Our analysis has identified chk-2 as a molecular link between pairing and reorganization, and as such it provides an entry point for investigating the nature of this coupling. It may be the case that chk-2 is required for both events because it plays a role in chromosome movement and/or clustering per se, events that may in turn be prerequisites for pairing establishment. Alternatively, chromosome clustering and homolog pairing may be otherwise independent events that are coordinately regulated by chk-2, perhaps through a shared requirement for a chk-2-dependent modification of meiotic chromatin structure. Identification of targets regulated by chk-2 at this crucial cellular transition may help clarify the elusive relationship between spatial reorganization of the nucleus and homolog pairing.
Relationship of chk-2 to the pachytene checkpoint
Whereas chk-2 mutants are competent to trigger apoptosis of late pachytene meiocytes in response to IR-induced DNA damage, they are defective in activating this pachytene checkpoint in response to depletion of RAD-51, a protein required for completion of meiotic recombination. This result could indicate that chk-2 mutant germ cells are defective in initiation of meiotic recombination, because recombination intermediates that trigger the checkpoint would not accumulate if recombination were never initiated. A failure to initiate meiotic recombination in chk-2 mutants would suggest that successful pairing between homologous chromosomes may be a prerequisite for recombination initiation in C. elegans or that the initiation machinery is regulated by chk-2.
Alternatively, chk-2 mutants may be successful in initiating recombination but defective in activating the pachytene checkpoint in response to accumulated recombination intermediates. In this scenario, chk-2 would be required for checkpoint activation only in response to a subset of possible checkpoint-triggering lesions; some lesions induced by IR would trigger apoptosis in a chk-2-independent fashion. A possible role for chk-2 in the pachytene checkpoint raises the question of whether chk-2 might have two (or more) temporally separable functions, an early role in promoting nuclear reorganization and homolog pairing and a later role in monitoring recombination. Of course, a requirement for chk-2 in the pachytene checkpoint might be a secondary consequence of a failure to establish an appropriate chromosomal context required for such monitoring to occur.
Our analysis of chk-2 mutant germ lines did not identify a requirement for C. elegans chk-2 in either IR-induced DNA damage checkpoint responses or HU-induced proliferation arrest in germ-line nuclei. This result indicates either that chk-2 does not participate in these responses to genotoxic stress or that redundant functions are available. Redundancy in Cds1/Chk2 pathways has been described in other systems; for example, in S. pombe, Chk1 can compensate for loss of Cds1 in a replication block checkpoint (Lindsay et al. 1998) . Moreover, a recent gene duplication (subsequent to divergence of nematodes from other metazoa) generated a second predicted C.e. chk-2 gene, T08D2.7, encoding a protein that is 91% identical to the chk-2 gene product described in this paper.
Checkpoint protein kinases and meiotic prophase chromosome dynamics
This is the first demonstration that a Cds1/Chk2 protein kinase plays a central role in promoting spatial reorganization of chromosomes during early meiotic prophase. Although it remains to be seen whether Cds1/Chk2 proteins will act in a similar capacity during meiosis in other organisms, it is intriguing to note that transcripts from a Drosophila Cds1/Chk2 homolog, Dmnk, are highly enriched in female germ cells and are present during early meiotic prophase (Oishi et al. 1998) .
In mammalian cells, Cds1/Chk2 has been shown to be a substrate of the Atm protein kinase in the context of a DNA damage checkpoint (Matsuoka et al. 1998 (Matsuoka et al. , 2000 Chaturvedi et al. 1999) . The fact that Atm localizes to chromosomes during mammalian meiotic prophase (Keegan et al. 1996) suggests the possibility that Chk2 might function in mammalian meiosis as well. However, the meiotic prophase phenotype observed in Atm−/− mice is at least superficially quite distinct from the phenotype we see in C. elegans chk-2 mutants: whereas C.e. chk-2 mutant germ cells apparently fail to initiate spatial reorganization of chromosomes, Atm−/− mouse spermatocytes clearly initiate nuclear reorganization (Pandita et al. 1999; Scherthan et al. 2000) . In fact, a bouquet-like configuration of chromosomes with tightly clustered telomeres, which is extremely transient during wild-type meiosis, was observed in an abnormally high fraction of meiocytes in Atm−/− mice.
There have been no reports analyzing possible roles of S. cerevisiae Rad53 during meiotic prophase. However, a gene duplication that occurred in a fungal ancestor subsequent to divergence of the animal and fungal lineages gave rise to Mek1, a meiosis-specific protein kinase that is closely related to Cds1/Chk2 proteins (Rockmill and Roeder 1991) . Like Rad53 and mammalian Cds1/Chk2, activation of Mek1 kinase activity is dependent on an Atm homolog, Mec1 (Bailis and Roeder 2000) . The phenotypes resulting from loss of S.c. Mek1 and C.e. CHK-2 are quite distinct, however, indicating that the two proteins likely play very different roles during early meiotic prophase. Whereas C.e. chk-2 mutants are profoundly deficient for homolog pairing, S.c. mek1 mutants are defective for synaptonemal complex morphogenesis and sister chromatid cohesion but exhibit almost wild-type levels of homolog pairing (Nag et al. 1995; Bailis and Roeder 1998) . On the other hand, both Mek1 and CHK-2 are required for pachytene checkpoint responses to intermediate blocks in the recombination pathway (Xu et al. 1997; Bailis and Roeder 2000) , suggesting the possibility that they may also have some functions in common.
Conclusions
Here, we have identified an unanticipated role for a member of the conserved Cds1/Chk2 protein kinase family, in promoting both spatial reorganization of nuclei and initial establishment of homologous chromosome pairing at the onset of meiotic prophase. While it has been assumed for decades that these events must be mechanistically coupled, our analysis of C. elegans chk-2 mutants now establishes a clear genetic and molecular basis for this linkage. Analyzing other mutants with the same set of meiotic prophase defects (e.g., hal-2) and investigating CHK-2 germ-line targets should prove to be fruitful routes toward uncovering the mechanisms by which early meiotic prophase nuclei reorganize their chromosomes and ultimately achieve a precise alignment of homologous chromosomes.
Materials and methods
Genetics
The following mutations and chromosome rearrangements (strain background Bristol N2) were used: LGI: ced-1(e1735);
LGIV: spo-11(ok79), nT1 [unc-?(n754) 
let-?(m435)](IV,V);
LGV: chk-2(me18), ozDf1, ozDf2; (Riddle et al. 1997; Dernburg et al. 1998; Clifford et al. 2000 ; this work). The me18 mutation was generated as in Villeneuve (1994) ; me64 was generated as in Kelly et al. (2000) . chk-2 strains were maintained as chk-2 rol-9/unc-51 or chk-2 rol-9/unc-51 rol-9. Unless otherwise noted, wild-type controls were chk-2/+. me18 was mapped to the far right end of chromosome V using the method of Williams et al. (1992) and other standard crosses. me18 was further localized to a position ∼0.1 cM left of unc-51 as follows: 532 Rol progeny from hermaphrodites of genotype me18 rol-9/unc-51 were plated individually to identify Rol nonHim recombinants; 4/5 Rol non-Him recombinants carried the unc-51 mutation, and 1/5 did not.
Recombination frequency between dpy-3 and unc-3 was measured as in Kelly et al. (2000) .
DAPI staining, FISH, and imaging
Gonad dissection, fixation for 4Ј,6-diamidino-2-phenylindole (DAPI) staining, fluorescence in situ hybridization (FISH) and imaging using the DeltaVision deconvolution microscopy system were conducted as in Zalevsky et al. (1999) . Data were collected as a series of optical sections in increments of 0.2 or 0.25 µm. Probe for the 5s rDNA locus (chromosome V, central right position) was generated as in Dernburg et al. (1998) . All other probes were generated from yeast artificial chromosome (YAC) clones as in Zalevsky et al. (1999) . The following YACs were used (chromosomal locations in parenthesis): Y51E2 (X, extreme left), Y13H5 (I, left), Y48E9 (I, right), Y13E11 (IV, central right), Y13H2 (III, right), and Y6D1 (II, central) .
For quantitative analysis of pairing, germ lines were subdivided into five equal-sized zones (36 ✕ 36 µm) along the distalproximal axis, with zone 1 beginning approximately three nuclear diameters from the distal tip. A z series of images was collected for each zone; for nuclei that were completely contained within the data stack, distances between peak intensities of FISH signals were measured using the IVE software package (Chen et al. 1996) . FISH signals were considered paired if the distance between their peak intensities was Յ0.7 µm; this distance corresponds to the maximum observed distance (∼0.6-0.7 µm) between the outer margins of the paired masses of electrondense chromatin flanking the synaptonemal complex in electron micrographs of pachytene nuclei (Goldstein and Slaton 1982; Dernburg et al. 1998) . In >95% of the cases in which FISH signals were scored as paired, the two signals were either visibly touching or almost completely overlapping. The frequencies with which homologous FISH signals appeared paired in premeiotic nuclei are comparable to the frequencies of associations between heterologous FISH signals in experiments in which two different probes were used simultaneously (data not shown), suggesting that these may reflect accidental or nonspecific associations. Pairing of FISH signals in chk-2 mutant germ lines never rose above the background premeiotic frequency.
Immunofluorescence
The following primary antibodies were used: rabbit polyclonal anti-HIM3 (Zetka et al. 1999) ; mouse monoclonal antibody against S. cerevisiae Nop1p (mAbD77) (Aris and Blobel 1988) ; and rabbit polyclonal anti-Ce-lamin (Liu et al. 2000) . Cy3 or FITC anti-rabbit or anti-mouse secondary antibodies were obtained from Jackson Immunochemicals. Gonads were dissected from young adult worms (21 h post L4 stage) as for FISH and fixed as in Seydoux and Dunn (1997) . Fixation was followed by several washes in PBT (1× PBS, 0.1% Tween-20; Sigma), and a 30-min incubation in 1% bovine serum albumin diluted in PBT. A hand-cut paraffin square was used to cover the tissue with 50 µL of antibody solution, applied at a 1:200 dilution. Incubation was conducted in a humid chamber for 1 h at room temperature
